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Abstract 
The maximum swing speed of an implement is an important performance parameter in many sports. It is understood that 
moment of inertia (MOI) has an effect upon the swing speed of an implement and numerous studies have found a very similar 
relationship between swing speed and MOI. These different studies considered different movements which suggested that skill 
was less important than physique to this relationship. The aim of this work was to quantify the relationship between swing 
speed and moment of inertia and to determine whether a participant’s physical characteristics are related to their swing speed 
performance. A series of eight visually identical rods, with varied MOI were swung in a heavily restricted, maximal motion. 
Feedback was supplied to the participants about their motion and all trials were recorded with a Motion Analysis Corporation 
motion capture system. The results found that a similar exponential relationship exists between swing speed and MOI. It was 
also found that a participant's maximum work done is significantly related to their swing speed. This is a relationship that could 
be used to predict a participant's swing speed for a specific MOI implement. More work is to be carried out on a larger 
population in order to be confident in the power of the relationships found. 
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1. Introduction 
There are many sports that involve a swinging motion with an implement. In such sports the physical properties 
of the implement are very important. Factors such as the dimensions, the mass and the moment of inertia can 
influence performance and player perception. One of the most important physical properties is the moment of 
inertia - a measure of its resistance to angular motion. 
The influence of moment of inertia upon swing speed has been studied in Golf by Daish (1972), Tennis by 
Mitchell, Jones & King (2000) and Softball by Smith, Burbank, Kensrud & Martin (2012). Work has also been 
undertaken with weighted rods by Cross & Bower (2006). These studies all recorded swing speeds for at least 4 
implements, with varying MOI. The experiments carried out by Daish, Mitchel et al. and Smith et al. involved 
participants carrying out a standard motion for the sport in question. However, the study by Cross and Bower used 
an unusual, restricted motion. Despite this difference the results were very similar, conforming to a relationship 
defined by Cross and Bower (2006): 
     ܸ =  ஼
ூ೚೙
             (1) 
where V is the swing speed, Io is the moment of inertia, C is a player constant and n is the power of the 
relationship. The value of n reported in these studies is 0.25–0.27.  
The fact that multiple studies have found a similar result across a range of sports and restricted motions suggests 
two things. Firstly, if the relationship between swing speed and MOI is common, then it may be possible to predict 
swing speed. Secondly, if a restricted motion has the same swing speed/MOI relationship as a sporting motion, then 
the relationship may be independent of skill. It can be inferred from this that a player’s physique has an influence 
on their individual relationship between swing speed and MOI. However, this has not been tested.  
The aim of this study was to investigate the relationship between swing speed and moment of inertia for a 
restricted motion to find the value of n, and to discover whether a participant’s physical characteristics are linked to 
this relationship. 
2. Experimental Methods 
The experimental procedure for this study was focused around a non-sport specific, restricted motion: internal 
rotation of the shoulder in the transverse plane. Ethical approval was received from the faculty research ethics 
committee and six participants were recruited. The participants included 4 males and 2 females with an average 
age of 27.8±4.8 years old, height of 1.77±0.10m and mass of 77.4±12.6kg. The experimental protocol involved 
creating a physical profile of participants then measuring swing speed for a restricted motion using a motion 
capture system. 
 
2.1 Physical profiling 
 
Four key measures were taken: standing height, total body mass and the torque applied during maximal shoulder 
internal rotation at two speeds. Standing height was measured using a stadiometer and total body mass using a 
Weylux UK beam balance scale. A Biodex dynamometer system 3 was used to measure the torque applied during 
five maximal trials of shoulder internal rotation at two speeds. The two tests on the dynamometer were isokinetic 
with a limit of 60o/s and 180o/s. The protocol was based around that previously used for Baseball pitchers by Sirota, 
Malanga, Eischen and Laskowski (1997). 
The standing height and mass measures were taken first. The participant then did 5 minutes of warm up exercise 
on an upper body ergometer. The dynamometer test then began after a 1-3 practice trials to familiarize the 
participant with the protocol. Participants completed 5 maximal repetitions at 60o/s with short rests between. This 
was followed by 5 maximal repetitions at 180o/s with identical rest periods. This has been shown to be the best 
method for applying resistance to maximal motion when measuring muscular strength, Davies (1992). The 
dynamometer was used to record torque with respect to both time and position (angle) at a frequency of 100Hz. For 
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each participant a range of movement was set that was within their comfortable limits. This made the range of 
motion different for each participant but reduced the risk of injury.  
The raw torque data was filtered using a Butterworth filter with a cut-off frequency of 8Hz as it has been found 
that controlled muscle frequencies in the arm usually lie between 3 and 8Hz Prochazka & Trend (1988). Work done 
was calculated as the area under a plot of torque against angular position, calculated using the trapezium rule. 
2.2 Swing speed analysis 
 
For the swing analysis, a series of 8 weighted rods were used. Each rod had a mass of 0.5kg and a length of 
0.7m. The rods were made from a hollow aluminium tube with a solid mass of steel secured at a different location 
within each rod. The rods were then capped at both ends and labelled in random order to keep the weighting 
hidden. 
The moment of inertia of each rod was calculated from the time period of the rod swinging as a pendulum, as 
described by Brody (1985). The MOI was calculated about the butt end of the rod, IRod, and the values are shown in 
Table 1. 
The rods were slotted into an attachment worn on the participant’s wrist. This secured the rod without the need 
for it to be held and also prevented any wrist motion. The attachment mechanism, which had a mass of 0.16kg, is 
shown in Figure 1. In order to account for this, the MOI of each rod was calculated about the participant’s elbow 
with the attachment’s mass included, IElbow. The mean values are shown in Table 1 with values for IRod and the 
balance point, measured from the butt end of the rod. 
Table 1. Properties of the 8 rods 
Rod 
Balance 
Point (m) 
IRod 
(kgm2) 
IElbow 
(kgm2) 
1 0.182 0.039 0.097 
2 0.235 0.044 0.102 
3 0.284 0.055 0.113 
4 0.332 0.067 0.125 
5 0.369 0.080 0.138 
6 0.422 0.105 0.163 
7 0.468 0.130 0.189 
8 0.508 0.165 0.224 
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Each participant performed 3 maximal swings with each rod with a rest between. These were performed in a 
different, random order for each participant. The participants were in a seated position on a gym bench, with the 
back tilted up 90o. The participant started each swing with their forearm as far back as was comfortable and 
concluded the swing by impacting their palm with a suspended ball. 
The swings were all recorded using a 12 camera Motion Analysis Corporation motion capture system. A set of 9 
markers were used at the following locations: Left shoulder anterior, Left shoulder posterior, Right shoulder 
anterior, Right shoulder posterior, Right lateral epicondyle, Right radius, Right ulna, Rod base, Rod tip. 
 
A biofeedback loop was set up to monitor the position of the participant and to ensure recorded trials met the 
requirements for the restricted motion. Acceptance thresholds were set for the angle of torso twist and for the 
distance the right elbow moved in the sagittal plane. If a swing exceeded either of these thresholds it was repeated 
until a valid trial was performed. Approximately 5% of trials were identified as being erroneous and subsequently 
repeated with the help of the feedback system. 
The swing speed, V, was defined as the maximum velocity of the rod tip. This was calculated from the motion 
capture data and plotted on a log-log plot against the moment of inertia of the rod, IElbow. From these plots the 
power of each relationship was recorded as the gradient of a linear line of best fit to provide the n value as in 
Equation 1. Two-tailed Pearson correlations were calculated between the swing speed data and the physical 
profiling data to understand if there are any significant relationships. The participants were also ranked based upon 
their profile data and mean swing speed and these ranked lists were compared using a Spearman's correlation test. 
3. Results and Discussion 
Figure 2 shows the log-log plots of swing speed against moment of inertia for the six participants. The data 
shows a clear power-law relationship between swing speed and moment of inertia, IElbow. This relationship can be 
described using Equation 1 where n is the gradient of the line of best fit for each participant.  
Wrist guard 
Attachment 
Drop 
pin 
Rod 
Figure 1. Illustration of attachment mechanism 
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There is a large range in the values of n, from 0.25 - 0.48. However, the mean of the six participant’s n values, 
0.33, is close to the values of 0.25-0.27 reported in literature by Daish (1972), Smith et al. (2003), and Cross and 
Bower (2006). While several of the participants have a similar value for n, their data occupy different regions of 
the log-log plot. In order to quantify this position, the participants were ranked based on their mean swing speed 
across the 8 rods, with 1 being the highest average and 6 being the lowest average. The mean swing speed and 
values for n are shown in Table 2 with the results from the physical profile test.  
The physical profile results show that there is a broad range in the characteristics of the six participants tested so 
far. Work done ranges from 26.9-69.2J for 60o/s and 22.0-65.9J for 180o/s. This is a large range, which mirrors the 
large range in mass and height of the participants. The participants were also ranked based upon their maximum 
work done at each speed, with 1st being the highest work done and 6th being the lowest work done. 
Table 2. Physical profile data and swing speed n values 
Participant 
Mass 
(kg) 
Height 
(m) 
WD at 
60o/s (J) 
WD at 
180o/s (J) n 
Mean V 
(m/s) 
1 90.3 1.86 67.9 61.2 0.25 11.0 
2 68.0 1.77 48.6 48.1 0.48 9.9 
3 95.4 1.93 69.2 65.9 0.36 11.4 
4 58.2 1.63 26.9 22.0 0.28 9.3 
5 76.8 1.73 67.9 62.6 0.25 11.8 
6 75.7 1.69 45.4 38.7 0.34 8.5 
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Figure 2. Plots showing swing speed against moment of inertia for all 6 participants. 
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There is no correlation between the physical profile data and the values for n. However, the mean swing speed 
does correlate significantly with work done. The relationship between the ranked lists of work done and mean 
swing speed can be seen in Figure 3. There is a significant, strong relationship between mean swing speed and the 
work done at both 60o/s (Spearman's rho = 0.84, p = 0.036) and 180o/s (Spearman's rho = 0.89, p = 0.019).  
 
Given the n values here are close to those reported in literature and there is no relationship between the physical 
profile data and the n values, it seems likely there is a common range of values for n that apply to a wide range of 
motions and players. If this is the case then it could be possible to predict a player’s swing speed with an 
implement of a given moment of inertia. This may be possible using the relationship between a participant's work 
done and swing speed. In order to make such predictions a fixed, universal value of n may have to be assumed. 
Therefore more data is required to confirm that the relationships found here are true for a larger population. 
4. Conclusion 
This study used a series of weighted rods and a restricted motion to quantify the relationship between swing 
speed and moment of inertia. The results show that a similar exponential trend exists for all six participants. The 
study also included a physical profile of the participants; showing that the work done for the same restricted 
motion is strongly correlated to the swing speed for each participant. These findings suggest it should be possible 
to predict the swing speed of an individual for a given MOI implement. However, more work is to be carried out 
on a larger population before a model can be attempted. 
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Figure 3. Plot showing the relationship between maximum work done at 180o/s and mean swing speed. 
